Monopolonium is a monopole-antimonopole bound state, whose lifetime grows as the cube of the initial diameter. Such objects are important because their decay products can be observable. Apart from the monopolonium, it is believed that the existence of an epoch when the U (1) of the electromagnetism is spontaneously broken ensures the efficient annihilation of monopoles and antimonopoles in the Universe. During this period, magnetic flux must be confined to flux tubes. Based upon the above two seemingly different ideas, we investigate the monopolonium in the confining phase. We show that the existence of the confining phase does not ensure the expected annihilation of monopoles and antimonopoles. It is important to note that the monopolonium in confining phase can also be produced from necklaces. Our analysis can therefore be extended to understand cosmological implications of brane inflationary models where cosmic necklaces or coils may be produced.
Introduction
Many possible solutions to the monopole problem have been suggested by many authors [1] .
At this time, the most attractive solution should be the inflationary Universe scenario, in which the exponential expansion ensures the dilution of the preceding abundance of the monopoles. However, one should not think that other solutions are utterly useless. In some models it is possible that monopoles are produced after inflation. Moreover, apart from the conventional "GUT monopoles", monopoles are the generic topological defects that can appear whenever the required symmetry is broken. Annihilation mechanisms are therefore still important to argue cosmological criteria for extended models, including brane scenarios.
Let us recall an attractive scenario that was suggested by Langacker and Pi [2] . The idea is based on an unusual symmetry breaking of the SU (5) of Grand Unified Theory(GUT). To be precise, they have considered the succeeding symmetry breaking of the form: (3) SU (2) U(1) → SU(3) → SU (3) U (1).
Here the first phase transition SU(5) → SU(3) SU(2) U(1) occurs at T c ∼ 10 14 GeV, which is the "GUT phase transition" that produces monopoles and antimonopoles. Then the second phase transition SU(3) SU(2) U(1) → SU(3) occurs at T = T 1 , when magnetic flux is confined. The final phase transition occurs at T = T 2 . Here T 2 ≪ T c is required. The key to understand the idea of the efficient annihilation is to find that during the epoch T 1 > T > T 2 the U(1) of electromagnetism is spontaneously broken and the Universe becomes superconducting. During this period magnetic flux must be confined to flux tubes, which connects monopoles and antimonopoles. Then one may think that there should be the efficient annihilation of the monopoles and antimonopoles. The resulting abundance of the monopoles in this scheme is thus estimated to be about one monopole per Hubble volume when the superconducting phase ends at T = T 2 . The resulting relic monopole abundance is 2) which is much below the cosmological density limit if T 2 is as low as a TeV.
At the same time, we know the famous idea of monopolonium, which is a monopoleantimonopole bound state that can play interesting roles in cosmology. Charged particles (i.e., monopoles and antimonopoles) are rotating around each other inside monopolonium, which suggests that monopolonium can never be a stable object but should decay at least by the classical radiation.
What we want to argue here is the stability of the monopole-antimonopole bound state in the superconducting phase. These objects are produced when the superconducting phase transition occurs in the Universe at T = T 1 . Although the binding energy becomes significant due to the confining phase transition, annihilation of the monopoleantimonopole pair is not a trivial issue if the initial angular momentum of the pair is nonvanishing. It is therefore quite easy to understand that the idea of monopolonium in the confining phase should be important in this case. Moreover, in the confining phase one cannot expect classical radiation because the U(1) of electromagnetism is spontaneously broken in the Universe. The monopolonium in the confining phase might therefore become more stable than in the usual scenario.
On the bases of the above speculations, we argue if the scenario that was suggested by Langacker and Pi [2] can work properly as was suggested in the original argument.
The result that we will obtain in this paper does not support the conventional scenario of the rapid annihilation of monopoles and antimonopoles in the confining phase.
Monopolonium in confining phase
Let us assume for simplicity that all the monopoles and antimonopoles are connected by the flux tubes when the U(1) of electromagnetism is spontaneously broken at T = T 1 .
The mass of the monopoles is denoted by m, and the typical value of the initial distance between monopoles and antimonopoles is given by ξ. In the conventional cosmological scenario, monopoles stay in kinetic equilibrium until the epoch of e ± annihilations at T e ≃ 0.3MeV . At this time, monopoles and antimonopoles should have internal velocity
antimonopole result in a minimum relic monopole abundance of n m /s ≃ 10
p . We will show that in both cases the most important effect of monopole-antimonopole annihilation is inhibited by the formation of monopolonium.
The distance ξ can be obtained from the standard formula for the monopole number
Using the above result, we can estimate ξ at T = T 1 . The result is:
In the followings we will use a constant k which is defined by
As we have discussed above, the standard value of < v
Using the above results, we can calculate the angular momentum l of the monopolonium in the confining phase, which is given by:
If there is no significant source that acts as the friction, the angular momentum must be conserved until the end of the confining phase. It is easy to calculate the potential for the radius R of the monopolonium, 6) where numerical constants are neglected. Here µ is the tension of the flux tube, which will be about µ ∼ T 2 1 . At the time of the confining phase transition, the second term should dominate the energy. However, as R decreases the repulsive force from the first term become important. Considering the classical motion, the minimum value of the radius of the monopolonium is obtained:
Note that the initial angular momentum that was calculated in eq.(2.5) is a modest estimation, since the tube may also have the angular momentum. If the minimum radius R min of the monopolonium is much larger than the width δ m of the monopoles, monopoles and antimonopoles cannot annihilate. In this case, the classical motion of the monopolonium can last until the forthcoming phase transition. Actually, the annihilation condition
Here we should note that µ ∼ T 2 1 and k ≪ 1 suggest that the annihilation is unlikely to occur in the confining phase. Moreover, smaller number density of the monopoles and antimonopoles reduces the constant k, which makes annihilation more unlikely than we have expected above.
Here we should recall that in the standard scenarios of cosmic strings, loops oscillate and lose their energy by gravitational radiation at the rate 9) where Γ is a numerical coefficient, which becomes ∼ 50 [4] for the conventional string networks. It is therefore important to examine if monopolonium in the confining phase could decay by running out their energy by the gravitational radiation before the last phase transition. The lifetime τ of a string of length ξ must therefore be larger than the time t 2 when the last phase transition occurs:
From the condition (2.10) one can obtain the condition that ensures the stability of the monopolonium during the confining phase: 11) where µ ∼ T 2 1 is assumed. Here we have used the standard value of ξ in eq.(2.2). One may suspect that the tubes can be disconnected at everywhere by pair creations of monopoles and antimonopoles. Of course we cannot simply ignore such possibility, however here we have assumed that the monopoles are so heavy that their pair creation is suppressed in our case [7] . One may also suspect that the mass and the angular momentum that is carried by the flux tube are not negligible. I agree with the idea, however it seems convincing here to consider the modest limit in which the contribution from the flux tubes can be negligible. In any case, it is not conceivable that the angular momentum of the flux reduces the minimum radius obtained in eq. (2.7) The result obtained in this section seems rather surprising. Here we conclude that the monopolonium can be stable in the confining phase, because monopoles and antimonopoles cannot annihilate as far as the condition (2.11) is satisfied. They are just confined into the stable bound state of monopolonium, then released at the last phase transition at T = T 2 .
Conclusions and Discussions
Monopolonium is a monopole-antimonopole bound state whose lifetime grows as the cube of the initial diameter. Such objects are important because their decay products can be observable. Apart from the monopolonium, it is believed that the existence of an epoch when the U(1) of the electromagnetism is spontaneously broken ensures the efficient annihilation of the monopoles and antimonopoles. Based on the above two seemingly different ideas, we have examined the stability of monopolonium in the confining phase.
We have shown that the existence of the confining phase does not ensure the expected "efficient annihilation" of monopoles and antimonopoles because the monopolonium in the confining phase can be stable.
4
Monopolonium in confining phase can be produced from necklaces. Our analysis 3 Note that not only the ratio n m /s but also the angular momentum l can be (nearly) preserved in this case. In the conventional cosmological scenario, monopoles stay in kinetic equilibrium until the epoch of e ± annihilations at T e ≃ 0.3M eV . At this time, monopoles and antimonopoles should have internal
. After e ± annihilations, their velocity dispersion decay as R −1 . If one neglects astrophysical mechanisms that increase their velocities, today monopoles should have a tiny internal velocity dispersion. Unlike the standard scenario, monopoles and antimonopoles that have been released from monopolonium at the last phase transition should have huge kinetic energy compared to the standard one. Although in the standard scenario they will soon be in kinetic equilibrium due to the unbroken U (1) of electromagnetism, this mechanism seems interesting if one considers other extended scenarios. 4 Our idea is quite different from the previous analysis that has been carried out by E.Weinberg [3] , where it was indicated that the annihilation could be insufficient due to the initial fluctuations in the local monopole-antimonopole abundance.
can therefore be extended to understand cosmological evolution of brane inflationary models where cosmic necklaces or coils may be produced. In ref. [5] Damour and Vilenkin have discussed that because of the small reconnection probability (p ≪ 1) the string network of brane inflation may be distinguished by the GW signals. In their argument the 1/p factor in the loop number density is important. As was suggested in ref. [8] , the small reconnenction probability can be due to the feature of the brane necklaces.
UHECR from the network of the standard necklaces was discussed by Berezinsky and
Vilenkin [7] . 5 Monopolonium in confining phase may therefore be used to distinguish brane models. Therefore, it is important to extended our analysis so that one can understand the cosmological implications of the necklaces [8] in brane inflationary models [6] . 6 In our next paper we will investigate the production of monopolonium from cosmic necklaces.
Acknowledgment
We wish to thank K.Shima for encouragement, and our colleagues in Tokyo University for their kind hospitality.
annihilation, while in brane scenarios it may correspond to the coil-anticoil annihilation. However, here we must be careful that in generic cases the "monopoles" on brane necklaces are not always relavant to the conventional "GUT monopoles" that can annihilate to decay into SM particles. One thing that is not clear is therefore whether the monopoles on brane becklaces could decay into SM particles as was expected in the standart scenario of cosmic necklaces. Apart from the above uncertainty, it seems quite interesting to investigate the flux of UHECR that should be enhanced in brane scenarios [9] . 6 Analyses of cosmological defect formation are important in brane models. Inflation in models of low fundamental scale is interesting [10] . Scenarios of baryogenesis in such models are discussed in ref. [11, 12, 13] , where defects play important roles. Brane defects such as monopoles, strings, domain walls and Q-balls [14, 15, 16] are important because we are expecting that future cosmological observation will reveal the cosmological evolution of the Universe, which will also reveal the physics beyond the standard model. If one wants to know what kinds of brane defect are produced in the early Universe, one needs to understand how they are formed.
